Introduction {#s1}
============

Methamphetamine (METH) abuse is a significant public health problem with annual prevalence rate of abuse in 2013 in \>1% of adolescents and young adults ([@CIT0028]). Extensive clinical evidence indicates that METH abuse causes significant neurocognitive deficits ([@CIT0030], [@CIT0031]; [@CIT0019]; [@CIT0024]; [@CIT0013]; [@CIT0011]). For example, episodic memory is reduced among participants with a history of METH abuse (approximately 11 years), as assessed by performance in learning and recall tests ([@CIT0011]). METH users also present with deficits in learning, motor ability, and working memory tests ([@CIT0013]). Neurocognitive deficits occur not only in individuals currently using METH ([@CIT0061]) but can also persist long after METH is discontinued (4 days to 7 months) ([@CIT0030], [@CIT0031]; [@CIT0019]; [@CIT0024]; [@CIT0013]; [@CIT0011]). Among the different types of neurocognitive deficits caused by METH abuse, METH-associated neurocognitive deficits are greater for episodic memory, executive functions, information processing speed, and motor skills and lesser for attention, working memory, and verbal fluency ([@CIT0058]). Notably, relapse is associated with episodic memory deficits but not other types of cognitive dysfunction among METH abusers ([@CIT0062]).

In addition to its impact on cognition, METH abuse causes brain abnormalities in areas important for memory, such as the hippocampus and cortex. For example, [@CIT0069] reported that METH abusers have 7.8% smaller hippocampal volumes than control subjects as assessed by MRI, and these deficits correlated with deficits in deficits on a word recall task. The integrity of hippocampal and cortical neurons can also be assessed by the binding of the serotonin transporter (SERT), a marker highly expressed in these neuronal regions ([@CIT0038]; for review, see [@CIT0046]). Loss of presynaptic serotonergic markers such as SERT indicates loss of this population of presynaptic serotonergic terminals. Studies have reported significant loss of serotonergic markers in the hippocampus and cortex of individuals with cognitive dysfunction, such as in METH abuse or Alzheimer's disease ([@CIT0012]; [@CIT0059]; [@CIT0053]). For example, positron emission tomography scan revealed that SERT densities are reduced in several brain regions of abstinent METH abusers ([@CIT0059]).

Novel object recognition (NOR) is an established preclinical model for evaluating recognition memory deficits (for review, see [@CIT0035]). This test relies on the instinct of rats to preferentially explore novel objects over familiar objects, thus requiring the animals to remember which object is familiar. The perirhinal cortex (PRh) and the hippocampal regions CA1, CA3, and dentate gyrus (DG) are important mediators of NOR ([@CIT0045]; for review, see [@CIT0035]). Specifically, the PRh-CA1 pathway is important for familiarization of objects, and the PRh-DG-CA3 pathway is important during exploration of novel objects (for review, see [@CIT0035]). Overall, intact functions of these regions are required for NOR.

In preclinical studies, both contingent and/or noncontingent METH administrations have been shown to impair NOR ([@CIT0042]; [@CIT0005]; [@CIT0023]; [@CIT0068]; [@CIT0056], [@CIT0057]). Besides deficits in NOR, these studies in rats revealed significant deficits in SERT density in the hippocampus and PRh ([@CIT0005]; [@CIT0057]). Both clinical and preclinical evidence suggests that cortical and hippocampal SERT sites are important for learning and memory ([@CIT0046] for review). Furthermore, preclinical evidence suggests a link between SERT sites and NOR. For example, significant NOR deficits occurred in SERT knockout mice ([@CIT0052]). Similarly, in METH-treated rats, pretreatment with fluoxetine, a selective SERT inhibitor, attenuated both NOR deficits and hippocampal/cortical SERT density deficits ([@CIT0068]). These data suggest that abnormalities in SERT density in the hippocampus and/or PRh might mediate NOR deficits in rats. Overall, METH-induced NOR deficits might be related to abnormalities to the hippocampus and PRh, and these can be assessed via SERT densities.

Extensive evidence from clinical ([@CIT0029]; [@CIT0049]; [@CIT0063]; [@CIT0032]) and preclinical studies ([@CIT0047]; [@CIT0020]) has revealed that nicotinic acetylcholine receptor (nAChR) agonists have cognitive-enhancing properties. This is important because many METH abusers smoke cigarettes (70--80%; [@CIT0069]; [@CIT0043]) and are thus exposed to nicotine (NIC), a nAChR agonist. However, few studies have investigated the impact of NIC exposure on METH-induced memory deficits. Among these, in clinical trials, NIC patch application improved recognition memory or attention in patients with schizophrenia or mild cognitive impairment compared with placebo-treated patients ([@CIT0029]; [@CIT0049]). Activation of α4β2 subtypes of nAChRs also improved working memory in rhesus monkeys that self-administered cocaine ([@CIT0020]). Further, preclinical studies with systemic or local infusion of NIC indicate the important role of α4β2 subtypes of nAChRs and the hippocampus and PRh in object memory ([@CIT0045]).

The aim of the current studies was 3-fold. First, we investigated whether NIC impacts the NOR deficits caused by METH in rats chronically pre- or posttreated with NIC. Second, we investigated whether any potential cognitive neuroprotection afforded by NIC is mediated by protection of hippocampal and/or PRh serotonergic neurons. Finally, we explored whether α4β2 nAChRs contribute to the impact of NIC on performance in the NOR test. Results revealed that both NIC pre- and posttreatment attenuates METH-induced NOR deficits. This protection was accompanied by an increase in α4β2 nAChR binding but not an attenuation of METH-induced SERT density deficits in the hippocampus and PRh. These findings suggest that NIC-induced increases in α4β2 nAChR binding in the hippocampus and PRh may contribute to the NIC-induced attenuation of NOR deficits caused by METH.

Methods {#s2}
=======

Animals {#s3}
-------

Male Sprague-Dawley rats (Charles River Breeding Laboratories, Raleigh, NC), initially weighing 125 to 150g (corresponding to postnatal day \[PND\] 40), 245 to 270g (corresponding to PND 60; [@CIT0065]; [@CIT0070]), or 350 to 415g (corresponding to PND 89) were housed 2 to 3 rats per cage and maintained under a controlled light/dark cycle (14:10 hours) in an ambient environment of 20°C (with the exception of the 6-hour period during which METH or saline vehicle was administered during when the ambient environment was maintained at 24°C). During METH or saline administrations, core body (rectal) temperatures were measured using a digital thermometer (Physitemp Instruments, Clifton, NJ) every 1 hour beginning 30 minutes before the first saline or METH administration and continuing until 30 minutes after the final saline or METH administration. Rats were placed in a cooler environment during METH exposure if their body temperature exceeded 40.5°C and returned to their home cage once their body temperature dropped to 40°C. Food and water were available ad libitum. All experiments were approved by the University of Utah Institutional Animal Care and Use Committee in accordance with the National Institutes of Health *Guide for the Care and Use of Laboratory Animals 8* ^*th*^ *Edition* (Institute of Laboratory Animal Resources, 2011).

Drug Treatments {#s4}
---------------

METH hydrochloride was provided by the National Institute on Drug Abuse (Research Triangle Institute, Research Triangle Park, NC) and administered at 4×7.5mg/kg/injection, s.c., at 2-hour intervals with doses calculated as free-base. (-) NIC (1.010g/mL, Sigma-Aldrich) was administered ad libitum p.o. at concentrations of 10, 20, 50, or 75 µg/mL via the water bottles. Dosing protocols are delineated in the figures. To increase palatability, saccharin (Sweet & Low; Cumberland Packing Corporation, 1%) was added to the animals' drinking water only in experiments in which the initial NIC concentration was 75 µg/mL or during the highest escalating rate ([Figures 1B](#F1){ref-type="fig"}-[C](#F1){ref-type="fig"}, [2B](#F2){ref-type="fig"}). In our current studies, NIC water consumption was approximately 34mL/rat/d and tap water consumption was approximately 47mL/rat/d, similarly to previous reports ([@CIT0010]). These NIC doses in rats yield plasma concentrations similar to plasma NIC and cotinine concentrations typically found in human smokers (10--50ng/mL for NIC and 300ng/mL for cotinine) ([@CIT0007]; [@CIT0041]).

![Chronic nicotine (NIC) administration via drinking water initiated during adolescence (A, C) or adulthood (B) attenuates novel object recognition (NOR) deficits caused by methamphetamine (METH). (A) Rats received oral NIC (N) at increasing concentrations via drinking water at doses delineated in figure inset or tap water (S) from postnatal day (PND) 40 to 96 and either saline (S) or METH (M) administrations (4×7.5mg/kg/injection, s.c., 2 hours apart) at PND 89. (B) Rats received oral NIC (N) at increasing concentrations via drinking water at doses delineated in figure inset or tap water (S) from PND 61 to 100 and either saline (S) or METH (M) administrations (4×7.5mg/kg/injection, s.c., 2 hours apart) at PND 93. (C) Rats received oral NIC (N) at increasing concentrations via drinking water at doses delineated in figure inset or tap water (S) from PND 40 to 61 and either saline (S) or METH (M) administrations (4×7.5mg/kg/injection, s.c., 2 hours apart) at PND 54. NOR was assessed 5 days after METH. Data are expressed as mean ±SEM of (A) N=8 to 10, (B) N=8 to 11, or (C) 7 to 10 determinations. \*Represent values statistically different from saline controls (*P*\<.05) as well as values not different from the chance exploration of 0.5 illustrated by the dashed line (*P*\<.05). NM,NIC water/METH injections; NS,NIC water/saline injections; SM,tap water/METH injections; SS,tap water/saline injections.](ijnppy_pyv073_f0001){#F1}

![Chronic nicotine (NIC) administration via drinking water given either as pretreatment (A) or posttreatment (B) attenuates methamphetamine (METH)-induced deficits in novel object recognition (NOR). (A) Postatal day (PND) 40 rats received either tap water (SS and SM groups) or NIC water (10--75 μg/mL) until PND 88 (NM(3) group), PND 89 (NS and NM(2) group), or PND 96 (NM(1) group). METH (4×7.5mg/kg/injection, s.c., 2 hours apart) or saline (1mL/kg/injection) was given at PND 89. In the NM(3) group, NIC water was replaced by tap water 24h prior to the first METH injection. In NS and NM(2) groups NIC water was replaced by tap water 2 hours prior to the first METH or saline injection. (B) PND 89 rats received either METH (4×7.5mg/kg/injection, s.c., 2 hours apart) or saline (1mL/kg/injection) injections, and 2 hours after the last injection they received either tap water (SS and SM groups) or NIC water (75 μg/mL) until PND 96 (NS and NM groups). NOR testing was initiated 3 days after METH or saline injections. Data are expressed as mean±SEM of N=6 to 11 determinations. \*Represent values statistically different from saline controls (*P*\<.05) as well as values that are not statistically different from the chance exploration of 0.5 illustrated by the dashed line (*P*\<.05). NM,NIC water/METH injections; NS,NIC water/saline injections; SM,tap water/METH injections; SS,tap water/saline injections.](ijnppy_pyv073_f0002){#F2}

NOR {#s5}
---

After 3 days of recovery from METH or saline administrations, rats underwent a 5-minute habituation session in test apparatus (clear plexiglas open field 45cm wide×26cm high) in which they were allowed to explore the environment without the objects. On the following day (ie, 5 days after METH) and during the familiarization phase, the rats explored 2 identical objects (plastic water bottles 12cm tall) for 3 minutes. The NOR test was conducted 90 minutes later by allowing rats to explore an object from the familiarization phase and a novel object for 3 minutes (polyvinyl chloride pipe, 9cm tall × 5cm wide). The position of the objects was counterbalanced between morning and afternoon sessions, that is, one-half of each group was tested in the morning with the same object placement and the other one-half was tested in the afternoon with a different object placement. The selection of these objects was based upon previously published research ([@CIT0008]; [@CIT0057]) in which no difference in novel-object preference was observed with this pair of objects. The apparatus and objects were cleaned with CaviCide (Metrex Research) between each rat session. Each session was video recorded for later analysis by experimenters blinded to group treatment. Exploration was defined as sniffing or touching the object with the nose; sitting on or leaning against the object was not counted as exploration.

Tissue Preparation {#s6}
------------------

Rats were decapitated 7 days after METH treatment. Brains were hemisected and the right side rapidly removed and frozen in isopentane on dry ice and stored at -80°C. Frozen right hemispheres were sliced at 12 µm thick at the level of the dorsal hippocampus/PRh (3.5mm from bregma, Paxinos and Watson 6th edition) using a cryostat. Eight slices (4/rat) were mounted on each Superfrost Plus glass micro slides (VWR International, Radnor, PA) and stored at -80°C for subsequent use in autoradiography assays. The left hippocampus was dissected on ice, placed in cold sucrose buffer (0.32M sucrose, 3.8mM NaH~2~PO~4~, and 12.7mM Na~2~HPO~4~) and used for \[^3^H\]5-HT uptake as described below. The striatal tissues from these animals were also processed and data published separately.

\[^125^I\]RTI-55 Autoradiography {#s7}
--------------------------------

SERT density was assessed via \[^125^I\]RTI-55 binding to dorsal hippocampus and PRh slices as previously described ([@CIT0051]). Briefly, slides were thawed on a slide warmer (5--10 minutes) and incubated in sucrose buffer (10mM sodium phosphate, 120mM sodium chloride, 320mM sucrose, pH 7.4) containing 21 pM ^125^I-RTI-55 (2200 Ci/mmol, PerkinElmer, Waltham, MA). Nonspecific binding was determined by slides incubated in sucrose buffer containing 21 pM \[^125^I\]RTI-55 and 100nM fluoxetine. Slides were rinsed twice in ice-cold buffer and distilled water for 2 minutes and air-dried. Sample slides and standard ^125^I microscale slides (American Radiolabeled Chemicals, St. Louis, MO) were placed on 1 cassette and exposed to same Kodak MR film (Eastman Kodak Co., Rochester, NY) for 24 hours to keep variables constant.

\[^125^I\]-Epibatidine Autoradiography {#s8}
--------------------------------------

α4β2 nAChR density was assessed via \[^125^I\]-epibatidine binding to dorsal hippocampus and PRh slices as previously described ([@CIT0037]; [@CIT0025]). Briefly, slides were thawed on a slide warmer (5--10 minutes) and preincubated in binding buffer (50mM Tris, 120mM NaCl, 5mM KCl, 2.5mM CaCl~2~, 1.0mM MgCl~2~, pH 7.5) at room temperature for 30 minutes followed by a 40-minute incubation in binding buffer containing 0.015nM \[^125^I\]-epibatidine (2200 Ci/mmol, PerkinElmer) in the presence of 100nM αCtxMII. Nonspecific binding was determined by slides incubated in binding buffer containing 0.015nM \[^125^I\]-epibatidine plus 0.1mM NIC. Slides were rinsed twice in ice-cold buffer for 5 minutes followed by a 10-second rinse in distilled water. Slides were air-dried. Sample slides and standard ^125^I microscale slides (American Radiolabeled Chemicals) were placed on 1 cassette and exposed to same Kodak MR film (Eastman Kodak) for 24 hours to keep variables constant.

Synaptosomal \[^3^H\]5-HT Uptake {#s9}
--------------------------------

Hippocampal \[^3^H\]5-HT uptake was determined using rat hippocampal synaptosomes prepared as previously described ([@CIT0044]). Briefly, synaptosomes were prepared by homogenizing freshly dissected hippocampal tissue in ice-cold 0.32M sucrose buffer (pH 7.4) and centrifuged (800 *g*, 12 minutes, 4°C). The supernatants were centrifuged (22,000 *g*, 15 minutes, 4°C) and the resulting pellets were resuspended in ice-cold assay buffer (in mM: 126 NaCl, 4.8 KCl, 1.3 CaCl~2~, 16 sodium phosphate, 1.4 MgSO~4~, 11 glucose and 1 ascorbic acid; pH 7.4) and 1 μM pargyline. Samples were incubated for 10 minutes at 37°C and the assays initiated by the addition of \[^3^H\]5-HT (5nM final concentration). Following incubation for 3 minutes, samples were placed on ice to stop the reaction. Samples were then filtered through GF/B filters (Whatman) soaked previously in 0.05% polyethylenimine. Filters were rapidly washed 3 times with 3mL of ice-cold 0.32M sucrose buffer using a filtering manifold (Brandel). Nonspecific values were determined in the presence of 10 μM fluoxetine. Radioactivity trapped in filters was counted using a liquid scintillation counter. Protein concentrations were determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories).

Statistical Analyses {#s10}
--------------------

The recognition index (ie, the ratio of the time rats spend exploring the novel object divided by the time rats spend exploring both objects) was used as the dependent variable for NOR. The exploration index (ie, the ratio of the time rats spent exploring the identical object in familiarization phase located on the position the novel object was 90 minutes later placed in NOR phase divided by the time rats spent exploring both identical objects) was used as the dependent variable for assessment of exploration of the 2 identical objects during familiarization phase. Two independent, blinded raters scored each behavioral test with a reliability correlation of ≥0.94 for the recognition index. For autoradiography, optical densities from 4 replicate slices per rat were quantified using ImageJ software (National Institutes of Health). Specific binding was obtained by subtracting film background from mean density values and converting to fmol/mg using the standard curve generated from ^125^I standards. The optical densities of the samples were within the linear range of the standards. Statistical analyses were conducted using GraphPad Prism 5.01 software (La Jolla, CA). The exploration and recognition indexes were first compared with the chance exploration value of 0.5 in each group. Values \>0.5 indicate higher preference for the novel object. Mean concentrations ± SEM were analyzed using 1-way analysis of variance followed by Tukey HSD posthoc test for determination of significance among groups. Correlation analysis of recognition index and either nAChR or SERT density was achieved by using Pearson correlation coefficient. Differences among groups were considered significant if the probability of error was \<5% (*P*\<.05).

Results {#s11}
=======

NIC administration via drinking water from adolescence to adulthood (ie, PND 40--96) attenuated the NOR deficits caused by repeated high-dose METH injections when administered at PND 89 and with NOR testing performed on PND 94 ([Figure 1A](#F1){ref-type="fig"}) (F~3,34~=10.01, *P*\<.0001). Similarly, ad libitum exposure to an escalating-dose regimen of NIC attenuated METH-induced deficits in NOR when NIC was administered from PND 61 to 100 and METH at PND 93, with NOR testing on PND 98 ([Figure 1B](#F1){ref-type="fig"}) (F~3,30~=3.698, *P*=.0224). METH per se did not induce deficits in NOR when administered at PND 54 ([Figure 1C](#F1){ref-type="fig"}) (F~3,31~=1.273, *P=.*3009).

Results presented in [Figure 2A](#F2){ref-type="fig"} demonstrate that NIC pre-treatment via drinking water from adolescence to adulthood (i.e., PND 40 -- 89), but discontinued during and after METH, attenuated the NOR deficits caused by METH when METH was administered 2h after NIC removal at PND 89 and NOR testing performed at PND 94 (F~5,38~=2.342, *P*\<.05). NIC pretreatment from PND 40 to 88, and discontinued during and after METH, also attenuated METH-induced NOR deficits when METH was given 24 hours after NIC removal on PND 89 and NOR testing performed at PND 94 (F~5,38~=2.342, *P*\<.05). Furthermore, data presented in [Figure 2B](#F2){ref-type="fig"} demonstrate that NIC posttreatment given from PND 89 to 96 initiated 2 hours after last METH injection also attenuated the NOR deficits caused by METH when assessed at PND 94 (F~3,35~=3.296, *P=.*0316).

Analysis of object exploration during the familiarization phase shown in [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} revealed no differences in the animals' preference for either of the 2 identical objects (PND 40--96, F~3,34~=0.12; PND 61--100, F~3,30~=0.09; PND 40-, F~3,31~=0.45; PND 40--88/89/96, F~5,38~=0.29; and PND 89--96, F~3,35~=0.19, ns; [Table 1](#T1){ref-type="table"}) or in their total exploration of the 2 identical objects (PND 40--96 F~3,34~=1.07; PND 61--100, F~3,30~=1.14; PND 40--61, F~3,31~=0.49; PND 40--88/89/96, F~5,38~=0.69; and PND 89--96, F~3,35~=0.56, ns; [Table 2](#T2){ref-type="table"}). Furthermore, the total exploration time of the novel plus the familiar object during NOR phase was mostly similar among groups (PND 40--96, F~3,34~=0.11; PND 61--100, F~3,30~=0.13; PND 40--61, F~3,31~=2.39; PND 40--88/89/96, F~5,38~=0.69; and PND 89--96, F~3,35~=2.93, ns; [Table 2](#T2){ref-type="table"}).

###### 

Exploration Index (Familiarization Phase)

  SEM                                                                                    
  ------------------------------------ --------- --------- --------- --------- --------- ---------
  PND 40--96                           0.537     0.569     0.563     0.527               
  ([Figure 1A](#F1){ref-type="fig"})   (0.095)   (0.061)   (0.033)   (0.031)             
  PND 61--100                          0.547     0.518     0.524     0.513               
  ([Figure 1B](#F1){ref-type="fig"})   (0.050)   (0.081)   (0.052)   (0.059)             
  PND 40--61                           0.517     0.507     0.480     0.489               
  ([Figure 1C](#F1){ref-type="fig"})   (0.041)   (0.063)   (0.052)   (0.023)             
  PND 40--88/89/96                     0.540     0.512     0.522     0.474     0.532     0.563
  ([Figure 2A](#F2){ref-type="fig"})   (0.073)   (0.097)   (0.034)   (0.033)   (0.035)   (0.038)
  PND 89--96                           0.569     0.570     0.552     0.514               
  ([Figure 2B](#F2){ref-type="fig"})   (0.056)   (0.082)   (0.084)   (0.032)             

Rats received oral NIC (N) via drinking water or tap water (S) from PND40-96, PND61-100, PND40-61, PND40-88 (NM(3)) 89 (NM(2)), or 96 (NM(1)) or from PND89-96 and either saline (S) or METH (M) injections at doses and ages delineated in [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} insets and methods. Object familiarization was performed 6 d after saline or METH injections as described in methods. Data are expressed as mean values ± SEM.

Abbreviations: M = methamphetamine; N = nicotine; NM = nicotine/methamphetamine; NS = nicotine/saline; PND = postnatal day; SM = tap water/methamphetamine; SS = tap water/saline.

###### 

Total Exploration Time (sec)

  SEM                                                                          
  ------------------------------------ ------- ------- ------- ------- ------- -------
  PND 40-96                            23.7    25.1    37.6    26.5            
  ([Figure 1A](#F1){ref-type="fig"})   (2.7)   (2.6)   (4.2)   (4.0)           
  PND 61-100                           30.5    28.2    40.3    30.9            
  ([Figure 1B](#F1){ref-type="fig"})   (8.9)   (4.3)   (3.7)   (3.7)           
  PND 40-61                            37.1    32.7    38.9    39.9            
  ([Figure 1C](#F1){ref-type="fig"})   (5.7)   (3.8)   (7.6)   (4.2)           
  PND 40-88/89/96                      37.7    26.3    35.1    31.2    30.1    29.9
  ([Figure 2A](#F2){ref-type="fig"})   (4.1)   (4.5)   (5.8)   (3.9)   (4.8)   (4.1)
  PND 89-96                            45.9    39.0    49.1    42.7            
  ([Figure 2B](#F2){ref-type="fig"})   (5.3)   (4.3)   (8.5)   (4.4)           

  Experiment                           **NOR Phase**                                    
  ------------------------------------ --------------- ------- ------- -------- ------- -------
  PND 40-96                            29.0            26.0    35.7    23.2             
  ([Figure 1A](#F1){ref-type="fig"})   (5.7)           (3.1)   (5.8)   (4.1)            
  PND 61-100                           17.8            23.5    33.0    21.3             
  ([Figure 1B](#F1){ref-type="fig"})   (4.5)           (5.0)   (6.0)   (4.8)            
  PND 40-61                            36.4            34.8    40.6    24.7             
  ([Figure 1C](#F1){ref-type="fig"})   (4.6)           (5.6)   (5.3)   (2.2)            
  PND 40-88/89/96                      23.5            23.6    27.0    20.5     16.9    27.6
  ([Figure 2A](#F2){ref-type="fig"})   (3.6)           (4.8)   (4.4)   (7.5)    (2.8)   (6.1)
  PND 89-96                            29.2            33.5    34.6    18.3\*           
  ([Figure 2B](#F2){ref-type="fig"})   (4.8)           (5.0)   (6.1)   (1.5)            

Rats received oral NIC (N) via drinking water or tap water (S) from PND40-96, PND61-100, PND40-61, PND40-88 (NM(3)) 89 (NM(2)), or 96 (NM(1)) or from PND89-96 and either saline (S) or METH (M) injections at doses and ages delineated in [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} insets and Methods. Object familiarization (familiarization phase) and recognition (NOR phase) were performed 6 d after saline or METH injections as described in methods. Data are expressed as mean values ± SEM.

Abbreviations: M = methamphetamine; N = nicotine; NM = nicotine/methamphetamine; NOR = novel object recognition; NS = nicotine/saline; PND = postnatal day; SM = tap water/methamphetamine; SS = tap water/saline.

Using the same tissues described in [Figure 1A](#F1){ref-type="fig"}, data presented in [Figure 3](#F3){ref-type="fig"} indicate that NIC administration from PND 40 to 96 does not protect against the persistent (ie, 7 days) METH-induced deficits in SERT density as assessed by \[^125^I\]RTI-55 binding to hippocampal CA1 ([Figure 3A](#F3){ref-type="fig"}, F~3,34~=59.53), CA3 ([Figure 3B](#F3){ref-type="fig"}, F~3,34~=35.51), DG ([Figure 3C](#F3){ref-type="fig"}, F~3,34~=61.90), and PRh ([Figure 3D](#F3){ref-type="fig"}, F~3,33~=56.32) slices. Similarly, using tissues from the same animals described in [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, data presented in [Table 3](#T3){ref-type="table"} indicate that oral NIC administration does not protect against the persistent (ie, 7 days) METH-induced deficits in SERT function as assessed by \[^3^H\]5-HT uptake from hippocampal synaptosomes when NIC was given from PND 40 to 96 (F~3,32~=87.68), PND 61 to 100 (F~3,35~=15.08), PND 40 to 88/89/96 (F~5,42~=14.43), or PND 89 to 96 (F~3,34~=40.04) and METH administered to adult rats (≥PND 89). When METH was administered to young adults at PND 54, NIC treatment from PND 40 to 61 attenuated the persistent (ie, 7 days) METH-induced SERT function deficits (F~3,31~=20.82) ([Table 3](#T3){ref-type="table"}).

###### 

\[^3^H\]5-HT Uptake from Hippocampal Synaptosomes (fmol/mg)

  (SEM)                                                                                    
  ------------------------------------ --------- --------- --------- ----------- --------- ---------
  PND 40-96                            1.467     0.296\*   1.393     0.308\*               
  ([Figure 1A](#F1){ref-type="fig"})   (0.061)   (0.061)   (0.101)   (0.055)               
  PND 61-100                           0.547     0.251\*   0.611     0.291\*               
  ([Figure 1B](#F1){ref-type="fig"})   (0.045)   (0.048)   (0.050)   (0.042)               
  PND 40-61                            1.048     0.286\*   1.293     0.611\*\#             
  ([Figure 1C](#F1){ref-type="fig"})   (0.097)   (0.057)   (0.145)   (0.079)               
  PND 40-88/89/96                      0.611     0.160\*   0.599     0.286\*     0.313\*   0.336\*
  ([Figure 2A](#F2){ref-type="fig"})   (0.026)   (0.024)   (0.041)   (0.063)     (0.065)   (0.047)
  PND 89-96                            1.455     0.542\*   1.528     0.653\*               
  ([Figure 2B](#F2){ref-type="fig"})   (0.058)   (0.070)   (0.094)   (0.095)               

Rats received oral NIC (N) via drinking water or tap water (S) from PND40-96, PND61-100, PND40-61, PND40-88 (NM(3)) 89 (NM(2)), or 96 (NM(1)) or from PND89-96 and either saline (S) or METH (M) injections at doses and ages delineated in [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} insets and Methods. Hippocampal tissues were harvested 7 d after last METH or saline injection. \[^3^H\]5-HT uptake was performed as described in Methods. Data are expressed as mean values ± SEM. \*Values significant different from METH-naïve controls (*P*\<.05). \#Values significant different from SM.

Abbreviations: M = methamphetamine; N = nicotine; NM = nicotine/methamphetamine; NS = nicotine/saline; PND = postnatal day; SM = tap water/methamphetamine; SS = tap water/saline.

![Nicotine (NIC) neuroprotection of methamphetamine (METH)-induced memory deficits is not mediated by attenuation of serotonergic deficits. Rats were treated as described in [Figure 1](#F1){ref-type="fig"}. (A) Brains were harvested 7 days after METH or saline injections and serotonin transporter (SERT) binding to hippocampal CA1 region (A), hippocampal CA3 region (B), and hippocampal dentate gyrus (DG) region (C), and (D) perirhinal cortex (PRh) was assessed via \[^125^I\]RTI55 autoradiography. Data are expressed as mean values ± SEM of N=8 to 12 determinations. \*Represent values that are statistically different from saline controls (*P*\<.05). NM,NIC water/METH injections; NS,NIC water/saline injections; SM,tap water/METH injections; SS,tap water/saline injections.](ijnppy_pyv073_f0003){#F3}

Again, using the same tissues described in [Figure 1A](#F1){ref-type="fig"}, data presented in [Figure 4](#F4){ref-type="fig"} reveal that binge METH administration per se causes long-lasting (ie, 7 days) reduction in α4β2 nAChR density as assessed by \[^125^I\]-epibatidine binding to CA1 ([Figure 4A](#F4){ref-type="fig"}) but has no effect on \[^125^I\]-epibatidine binding in CA3 ([Figure 4B](#F4){ref-type="fig"}), DG ([Figure 4C](#F4){ref-type="fig"}), or PRh ([Figure 4D](#F4){ref-type="fig"}). NIC increased \[^125^I\]-epibatidine binding to CA1 (F~3,35~=97.71, *P*\<.0001), CA3 (F~3,35~=80.58, *P*\<.0001), DG (F~3,35~=18.57, *P*\<.0001), and PRh (F~3,34~=38.46, *P*\<.0001) in both METH- and saline-treated rats ([Figure 4](#F4){ref-type="fig"}).

![Long-term nicotine (NIC) administration increases α4β2 nicotinic acetylcholine receptor (nAChRs) density in methamphetamine (METH)-treated rats. Rats were treated as described in [Figure 1](#F1){ref-type="fig"} panel A. Brains were harvested 7 days after METH or saline injections and α4β2 density to hippocampal CA1 region (A), hippocampal CA3 region (B), and hippocampal dentate gyrus (DG) region (C), and (D) perirhinal cortex (PRh) was assessed via \[^125^I\]-epibatidine autoradiography. Data are expressed as mean values ± SEM of N=8 to 12 determinations. \*Represent values that are statistically different from SS (*P*\<.05). \#Represent values that are statistically different from SM (*P*\<.05). NM,NIC water/METH injections; NS,NIC water/saline injections; SM,tap water/METH injections; SS,tap water/saline injections.](ijnppy_pyv073_f0004){#F4}

Correlation analysis of data presented in [Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"} was performed to evaluate possible association of NOR and SERT density (right y-axis) or NOR and α4β2 nAChR density (left y-axis). These data are presented in [Figure 5](#F5){ref-type="fig"} and demonstrate that NOR does not correlate with SERT density in the CA1 (*r*(10)=0.04, *P*=.556, [Figure 5A](#F5){ref-type="fig"}), CA3 (*r*(10)=0.02, *P*=.648, [Figure 5B](#F5){ref-type="fig"}), DG (*r*(10)=0.05, *P*=.507, [Figure 5C](#F5){ref-type="fig"}), or PRh (*r*(10)=0.03, *P*=.590, [Figure 5D](#F5){ref-type="fig"}) in rats treated with oral NIC from PND 40 to 96 and METH administrations at PND 89. Conversely, NOR and α4β2 nAChR density were positively correlated in the CA1 (*r*(10)=0.66, *P*=.002), CA3 (*r*(10)=0.59, *P*=.006), DG (*r*(10)=0.63, *P*=.006), and PRh (*r*(10)=0.55, *P*=.009) in these same animals. No correlation between NOR and SERT density or NOR and α4β2 nAChR was found in METH-naïve rats or in NIC-naïve METH-treated rats (data not shown).

![Performance in novel object recognition (NOR) test correlates with α4β2 nicotinic acetylcholine receptor (nAChRs) density, but not with serotonin transporter (SERT) density, in rats treated with nicotine (NIC) and methamphetamine (METH) as described in [Figure 1A](#F1){ref-type="fig"}. Data from NM group presented in [Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"} were used for this correlation analysis.](ijnppy_pyv073_f0005){#F5}

Representative autoradiograms of \[^125^I\]RTI-55 and \[^125^I\]-epibatidine binding are presented in [Figure 6](#F6){ref-type="fig"}.

![Representative autoradiographs depicting the effects of nicotine (NIC) and methamphetamine (METH) treatments on hippocampus and perirhinal cortex (PRh). (A) Serotonin transporter (SERT) (\[^125^I\]RTI55 binding). (B) α4β2 nAChR (\[^125^I\]-epibatidine binding). NM,NIC water/METH injections; NS,NIC water/saline injections; SM,tap water/METH injections; SS,tap water/saline injections.](ijnppy_pyv073_f0006){#F6}

Discussion {#s12}
==========

To date, extensive literature has demonstrated that NIC administration improves memory function in patients with schizophrenia or mild cognitive impairment ([@CIT0029]; [@CIT0049]), or attenuates memory deficits in laboratory animals induced by sleep deprivation, chronic stress, beta-amyloid infusion, cholinergic lesion, or METH administrations ([@CIT0074]; [@CIT0001]; [@CIT0002]; [@CIT0047]; [@CIT0036]). However, despite evidence indicating that METH abuse is associated with memory impairment ([@CIT0030], [@CIT0031]; [@CIT0058]; [@CIT0011]), and that many METH addicts are exposed to NIC via cigarette smoking ([@CIT0043]), few studies have investigated the effects of NIC on the METH-associated memory deficits ([@CIT0047]). The present study reveals that long-term oral NIC treatment beginning during either adolescence or adulthood attenuates METH-induced NOR deficits, suggesting that NIC affords cognitive protection. This protective effect of NIC persisted even when NIC was removed 2 or 24 hours prior to METH administrations. Furthermore, oral NIC treatment also attenuated NOR deficits when administered after METH treatment. It is unlikely that the NIC effects on NOR are mediated by serotonergic neurons terminal deficits in the hippocampus and/or PRh, because NIC did not attenuate METH-induced serotonergic deficits. In contrast, NIC increased the density of α4β2 nAChRs in CA1, CA3, DG, and PRh in both saline- and METH-treated rats.

Many studies have demonstrated that NIC prevents memory deficits when administered before a lesion ([@CIT0074]; [@CIT0001]; [@CIT0002]; [@CIT0001]) or improved memory when administered after a lesion ([@CIT0029]; [@CIT0047]; [@CIT0049]). Similarly, the current data indicate that both pre- and/or posttreatment with NIC attenuates METH-induced NOR deficits. These data suggest that the protective effect of NIC achieved via pretreatment might occur by neuroadaptations caused by NIC in a nondamaged system that can ultimately mitigate injury-induced memory loss. This hypothesis is based on findings that chronic NIC administration to healthy individuals ([@CIT0054]) or non-lesioned rodents ([@CIT0045]; [@CIT0036]) increases nAChRs binding, leading to increases in long-term potentiation (LTP), a widely accepted process of memory formation ([@CIT0017]; [@CIT0018]; [@CIT0072], [@CIT0073]), and improves object recognition memory in normal rats ([@CIT0045]; [@CIT0036]). Additionally, these positive effects of NIC on memory seem to last several days after NIC removal ([@CIT0039]), perhaps due to long-lasting increases in LTP ([@CIT0075]; [@CIT0010]). In previous studies, in vivo NIC pretreatment prevented LTP deficits in area CA1 of the hippocampus in parallel with attenuation of memory deficits induced by cholinergic lesion, chronic stress, or beta-amyloid infusion ([@CIT0074]; [@CIT0002]; [@CIT0001]).

The protective effect of NIC achieved via posttreatment might occur via effects of NIC on brain derived neurotrophic factor as well as LTP, which ameliorate memory deficits in a damaged system ([@CIT0074]; [@CIT0001]). In support of this hypothesis, in laboratory animals, NIC reversed memory deficits induced by cholinergic lesion by augmenting NMDA receptors function and LTP in the CA1 region ([@CIT0074]). Some clinical studies have shown that NIC treatment improves recognition memory and attention in patients with schizophrenia or mild cognitive impairment, which demonstrates that NIC can ameliorate memory deficits in damaged systems ([@CIT0039]; [@CIT0029]; [@CIT0049]).

To explore a possible mechanism underlying NIC-induced cognitive neuroprotection, we examined α4β2 nAChRs density in hippocampal and PRh slices. Previous studies have shown that the increases in hippocampal LTP by NIC administration are mediated by α4β2 nAChRs ([@CIT0018]; [@CIT0027]; [@CIT0048]). In fact, patients with dementia display significant reductions in α4β2 nAChRs binding in neocortical and hippocampal regions, and these seem to correlate with progressive cognitive declines ([@CIT0055]; [@CIT0014]). Particularly, in patients with Alzheimer's disease, there is a loss of α4β2 nAChRs binding, but not of α3 or α7 nAChR subtypes ([@CIT0055]). The present findings revealed that chronic oral NIC administration abolishes METH-induced deficits in α4β2 nAChRs binding to the CA1 region of the hippocampus and augments α4β2 nAChRs binding to CA3, DG, and PRh. Furthermore, α4β2 nAChR density correlated with NOR performance in animals treated with NIC and METH. In other words, rat performance on the NOR test was directly proportional to α4β2 nAChR density. This specific subtype of nAChR was selected for study, because despite evidence that synaptic plasticity can also be mediated by α7 nAChRs ([@CIT0022]), studies have demonstrated that α4β2 nAChRs mediate excitatory postsynaptic potentials in the CA1 hippocampus ([@CIT0009]; [@CIT0006]; [@CIT0048]). Furthermore, in vitro studies by [@CIT0067] demonstrated that METH reduces LTP in the CA1 hippocampus, suggesting that, in combination with the present data, METH reduces α4β2 nAChRs, whereby LTP is reduced in the CA1 region. The mechanism by which METH causes deficits in α4β2 nAChRs is unknown, but evidence indicates that METH damages hippocampal and cortical neuron integrity, including serotonergic neurons ([@CIT0044]; [@CIT0057]), where α4β2 nAChRs are expressed ([@CIT0060]; [@CIT0015]), which might lead to reductions in nAChRs density. However, in current studies, METH also reduced SERT binding in the CA3, DG, and PRh without affecting α4β2 binding in these 3 regions. To our knowledge, the differential distribution of α4β2 nAChRs in serotonergic terminals in the CA1, CA3, DG, or PRh has not been demonstrated. Thus, further research is necessary to confirm the speculative mechanism proposed herein. Overall, these data suggest that NIC protection to METH-induced NOR deficits might be mediated by upregulation of α4β2 nAChRs.

The effects of NIC abstinence on METH-induced NOR deficits were also evaluated in order to investigate how long NIC neuroprotection persists. As demonstrated in the NIC/saline group in [Figure 2A](#F2){ref-type="fig"}, [a](#F2){ref-type="fig"} 5-day abstinence from NIC had no effect on NOR as previously reported ([@CIT0033]). Nevertheless, NIC protection against METH-induced NOR deficits remained even 5 to 6 days after the cessation of NIC exposure (eg, NM(2) and NM(3), [Figure 2A](#F2){ref-type="fig"}), indicating that the protective effect of NIC lasts for at least 6 days of NIC abstinence. Others have demonstrated that NIC-induced augmentation in α4β2 nAChRs in the hippocampus remains after 6 days of NIC removal ([@CIT0021]), suggesting that the potential neuroprotective mechanism of NIC parallels NOR protection. Furthermore, previous studies revealed that chronic NIC pretreatment improved working memory in rats even after 2 weeks of NIC abstinence ([@CIT0039]). In the amygdala, 7 days of oral NIC to mice facilitated LTP induced by high-frequency stimulation, and this facilitation of LTP lasted for at least 72 hours after NIC was stopped ([@CIT0010]). Similarly, increased NMDA receptors function induced by 10-day NIC in rats lasted for 8 days after NIC removal ([@CIT0075]). Others have suggested that the longer the NIC exposure, the longer synaptic facilitation lasts ([@CIT0010]).

Another principal finding of current experiments is that long-term NIC treatment does not attenuate METH-induced serotonergic deficits in the hippocampus and PRh despite affording protection against memory deficits. Previous studies have indicated that METH administrations to rats cause deficits in SERT density in the hippocampus and PRh as well as deficits in the NOR test, suggesting a possible relationship between hippocampal/PRh SERT neurons and NOR ([@CIT0004], [@CIT0005]; [@CIT0057]). However, the present data suggest that such a relationship is unlikely as indicated by data presented in [Figure 1C](#F1){ref-type="fig"} and [Table 3](#T3){ref-type="table"} in which METH administration caused significant whole hippocampal SERT deficits, but not NOR deficits, when given to PND 54 rats. Of note, NOR is strongly mediated by PRh functions, and thus it is possible that these animals had no SERT deficits in the PRh, which could explain the lack of NOR deficits. Second, several NIC treatment paradigms attenuated METH-induced NOR deficits independently of attenuation of SERT density deficits. Lastly, our correlation analysis demonstrates that performance in the NOR test is not correlated with SERT density in hippocampal or PRh regions. Thus, current data suggest that NIC neuroprotection to METH-induced memory deficits is not mediated by protection of serotonergic neurons in the hippocampus or PRh cortex.

Notably, the current data also revealed that NIC administration beginning in adolescence attenuates METH-induced hippocampal SERT function deficits when METH was administered to young rats (ie, PND 54), but without a significant effect in older rats (≥PND 89) ([Table 3](#T3){ref-type="table"}). A possible mechanism by which NIC attenuates METH-induced deficits in SERT function in young, but not older, rats might involve nAChRs. The α4β2 and α7 nAChRs play a role in 5-HT release in the hippocampus, as demonstrated by findings that they are expressed either in the nucleus raphe or serotonergic terminals in the hippocampus ([@CIT0015]; [@CIT0003]). Furthermore, age differences in nAChRs density in the hippocampus and cortex have been reported ([@CIT0016]). Specifically, these studies found that adolescent rats have a higher density of nAChRs than adult rats. Thus, NIC binding to nAChRs potentially may lead to 5-HT release in the hippocampus/cortex that might differ between adolescents and adults. These age-specific differences in nAChRs may also play a role in NOR, thereby reducing the cognitive deficits caused by METH in adolescent but not adult rodents.

Clinical studies with adolescent METH abusers have demonstrated that executive function is only mildly compromised and verbal memory is not affected, despite several domains of cognitive function being impaired (psychomotor speed, fine motor speed, verbal intelligence, and spatial organization) ([@CIT0034]). In line with these findings, previous preclinical studies with adolescent mice showed that 7 or 14 days of noncontingent METH administrations did not impact NOR and synaptic plasticity ([@CIT0050]). Of note, METH administrations to PND 51 to 60 do not induce long-term deficits in spatial memory in the Morris water maze ([@CIT0071]). These previous findings are in agreement with current data shown in [Figure 1C](#F1){ref-type="fig"} in which METH administration per se given to PND 54 rats does not impact NOR.

In summary, NIC has cognitive protection and cognitive enhancing properties, and several mechanisms underlying this phenomenon have been suggested, including increases in LTP and brain derived neurotrophic factor levels and reduction in oxidative stress ([@CIT0064]; [@CIT0001]). METH abuse is associated with significant cognitive impairment and, despite the fact that many METH abusers smoke cigarettes and are thus exposed to NIC ([@CIT0043]), few studies have evaluated the effects of NIC on METH-induced cognitive deficits ([@CIT0047]). The findings of the present studies demonstrate that NIC pre-treatment as well as posttreatment attenuate METH-induced NOR deficits in rats. Furthermore, NIC did not attenuate the serotonergic deficits caused by METH but augmented α4β2 nAChRs density in CA1, CA3, and DG hippocampal regions as well as in PRh.
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